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. The role of c-kit in gametogenesis involves both early germ cell development and postnatal oogenesis and spermatogenesis (Sorrentino et al., 1991; Manova et al., 1990; Orr-Urtreger et al., 1990; Kuroda et al., 1988; Geissler et al., 1981; Mintz and Russell, 1957) . Likewise, it affects both the migration of early cells and survival of mature cells during melanogenesis (Mayer and Green, 1968; Mintz and Russell, 1957) . The defect that W mutations exert is cell autonomous, in keeping with the observed expression of c-kit RNA in the cellular targets of W mutations (Orr-Urtreger et al., 1990; Nocka et al., 1989) . The molecular bases for several W mutants have now been described. Severe alleles are due to large deletions within the c-kit gene, whereas more subtle phenotypes result from mutations affecting c-kit tyrosine kinase function (Onoue et al., 1993; Nocka et al., 1990b; '19, et d., 1990) . Interestingly, a missense mutation in the c-kit gene has recently been demonstrated in a dominantly inherited disorder of human melanogenesis, termed piebaldism (Giebel and Spritz, 1991) .
Mutations at the Steel (SI) locus on mouse chromosome 10 result in similar phenotypes to W mutations (Russell, 1979; Silvers, 1979; Kitamura and Go, 1978; Bennett, 1956) . However, unlike W mutations, those at the SI locus are not cell autonomous and 1417 are thought to affect primarily the microenvironment that supports the hematopoietic, germ cell and melanocytic lineages (Fujita et al., 1989; Dexter and Moore, 1977; Mayer and Green, 1968) . It was therefore predicted that the ligand for the c-kit receptor might be encoded at the SI locus (Chabot et al., 1988) . When the ligand for c-kit was identified, it was given a variety of names: mast cell growth factor (MGF) , kit ligand (KL) (Huang et al., 1990; Nocka et al., 1990a) , and stem-cell factor (SCF) . It did indeed prove to be encoded at the murine SI locus (Copeland et al., 1990 Huang et al., 1990 Zsebo et al., 1990 ). KL exists both as a soluble secreted factor and as a cell surface molecule (Anderson et al., 1990; Flanagan and Leder, 1990) , the two forms generated by alternative splicing (Flanagan et al., 1991) . The purified molecule binds to the c-kit receptor (Flanagan and Leder, 1990; Huang et al., 1990; Williams et al., 1990; Zsebo et al., 1990) and possesses biological functions expected of the c-kit ligand. It stimulates the proliferation of mast cells and, with erythropoietin, that of early erythroid progenitors (Anderson et al., 1990; Nocka et al., 1990a) , and it synergizes with a variety of other hematopoietic factors in stimulating early myeloid and lymphoid cells . In vivo administration is effective in reversing the anemia and mast cell deficiency of SL/SLd mice (&bo et al., 1990). In keeping with another of the SI mutant phenotypes, KL is necessary for primordial germ cell survival in vitro (Dolci et al., 1991; Godin et al., 1991) .
Expression studies have thus far been directed largely at exploring the predicted roles of the c-kit receptor and its ligand during mouse embryogenesis. This study describes the distribution of c-kit and KL proteins in normal adult human tissues, as detected by immunohistochemistry. The results suggest a role for this receptor and its ligand in the maintenance of a variety of fully differentiated tissues. In addition, the data allow the significance of c-kitlKL expression in neoplasia to be assessed and may provide insights into mechanisms of tumor spread.
Materials and Methods
Source of Tissues. Histologically normal adult human tissues were obtained from autopsies or from surgical specimens within 1-2 hr of rcsection. Tissues that were histologically well preserved were used for the present study. Tissue was placed in OCT compound (Miles Laboratories; Napervillc, IL), snap-frozen in isopentanc chilled in liquid nitrogen, and stored at -70°C. For each tissue, sections from at least four individuals were examined.
Reagents. Primary monoclonal antibodies (MAbs) 7H6 and SR-1 were supplied by Amgen (Thousand Oaks, CA). SR-1, a mouse MAb of the IgG2a subclass, recognizes the extracellular domain of the c-kit receptor. 7H6 is a mouse MAb that recognizes the ligand for the human c-kit rcceptor. Each MAb was diluted in PBS containing 2% bovine serum albumin (BSA) to a concentration giving mwimal staining intensity without nonspecific binding. This concentration (1.2 pglml for MAb 7H6; 20 pglml for SR-1) was determined in serial dilution experiments on the OCIM-1 cell line for MAb SR-1 and on SlIS14 human SCF220 cells for MAb 7H6 (see below).
Secondary antibodies used were biotinylated horse anti-mouse IgG (heavy-and light-chain specific) at a 1:200 dilution in PBS (Vector Laboratories; Burlingame, CA). Avidin-biotin-peroxidase complexes (125 in PBS) (Vector) were used as the labeling reagent.
Immunohistochemistry. Immunohistochemistry was performed using the avidin-biotin-immunoperoxidase technique. Frozen sections were cryostat-cut (4-8 pm thick), air-dried, fixed in acetone for 10 min at 4' C. and washed in PBS. Endogenous peroxidase activity was blocked by immersion in 0.1% H202 for 10 min. After washing in PBS, sections were then incubated for 15 min with avidin-biotin blocking kit solutions (Vector). To minimize background staining, tissue sections were then incubated for 30 min with blocking serum (10% normal horse serum in 2% BSAIPBS) (Cappcl Laboratories; Cochranville, PA). This was followed by incubation for 30 min and, finally, avidin-biotin-peroxidase complexes for 30 min. Each incubation was performed at room temperature and was followed by extensive washing in PBS. Bound antibody was visualized with a solution of0.05% diaminobentidine tetrachloride (Sigma: St Louis, MO) and 0.01% H202 in PBSIO.5% Triton. After treatment, sections were washed in distilled water, counterstained with Harris hematoxylin, dehydrated through graded alcohols and xylenes, and mounted with Permount.
For 7H6 staining, SlIS4 cells (91-15-233-1) and SlIS14 human SCF 220 cells (91-15234-l), both supplied by Amgen, were used as negative and positive controls, respectively. For SR-1 staining, the OCIM-1 cell line (91-51-168) (Amgen) was the positive control. Negative controls for each tissue section consisted of substitution of the primary antibody with an equivalent concentration of purified nonspecific mouse IgG2, (Coulter hmunology; Hialeah, FL).
To determine the fixation method providing both histological preservation and optimal immunoreactivity, four fmtive agents and an unfixed control were tested on each positive control cell line. Thex fixatives included 10% neutral buffered formalin, acetone (4'C). methylacetone (1:1 v/v, 4'C), and 95% ethanol. Fixation in acetone gave optimal results for both 7H6 and SR-1 MAbs.
Results

c-kit Receptor Expression in Human Normal Tissues
MAb SR-1, raised against the extracellular domain ofthe c-kit receptor, produced reproducible immunostaining in a limited and specific subset of adult tissues (summarized in E b l e 1). In many tissues, but particularly striking in lung, bladder, utems, ectocervix, and gastrointestinal tract, there was also strong staining of scattered inflammatory cells. Toluidine blue histochemistry revealed metachromatic staining of these cells, idenufying them as mast cells.
Lymphocytes were unreactive. Together, these observations are consistent with the expected tissue mast cell expression of the c-kit receptor. Elsewhere, staining was largely confined to specific epithelia. Immunostaining w a s observed mainly in the cytoplasm and varied in intensity from weak to strong. When strong, a membrane pattern of immunostaining was seen. Immunoreactivity was detected in scattered transitional epithelial cells of the bladder and in corneal epithelium of the eye. In the skin samples analyzed, mong immunostaining was observed in melanocytes ( Figure 1 ). The intensity of the staining of melanocytes and their confluence in some skin samples rendered a pattern of basal epidermal and hair follicle reactivity, due to immunoreactivity on dendritic processes of melanocytes. Squamous epithelia of the ectocervix, esophagus, and tonsil were unreactive. Glandular epithelium was positively stained in breast ducts (Figure 2) and in lobules, salivary gland ducts and acini, dermal sweat glands ( Figure I) , and esophageal glands. In each case, staining was intense but focally distributed with respect to individual cells. By contrast, glandular epithelium of the en- docervix, pancreas, prostate, stomach, and small and large intestine showed no evidence of c-kit expression. Weak immunostaining of thyroid follicle cells was the only evidence of expression in endocrine organs. Vascular structures and lymphoid organs were uniformly unreactive, as were striated, cardiac, and smooth muscle cells. In the testis, both germ cells and Sertoli cells were unstained, but a subpopulation of interstitial cells were positively stained. These cells could not be further defined in frozen sections but were most likely Leydig cells. In the ovary there was variable reactivity of cortical stromal cells, although follicles were not present in the four cases examined. Expression ofc-kit was not seen in peripheral nerves, but showed striking regional distribution in the central nervous system. In the activity was present in the stratum granulosum of the dentate gyms, adjacent to which was a well-defined thin band of intense reactivity. In the cerebellum, staining was concentrated in the molecular layer and also around Purkinje cells in a distribution suggestive of basket cell expression (Figure 2) . Elsewhere in the brain there was sigmficant reactivity in the tectal plate ofthe mesencephalon, in bipolar neurons of the retina, some variable neuronal and glial cell positivity in the frontal cortex, and delicate staining in the dentate nucleus and trigeminal nucleus of the medulla. The basal ganglia, amygdala, pineal gland, choroid plexus, meninges, and ependymal cells were unreactiw. Although the dorsal root ganglia, spinal sensory nerves, and dorsal root entry zone of the spinal cord were unreactive, staining for c-kit was also seen in neuronal cell bodies of the dorsal hom of the spinal cord. Anterior hom cells showed variable, weak reactivity.
KL Expression in Normal Human Tissues
Staining with MAb 7H6, which recognizes the ligand for the human c-kit receptor, was in some areas complementary to staining for the receptor. Thus, heterogeneous cytoplasmic and membrane positivity was seen in myoepithelial cells of sweat gland (Figure 1 ) and of breast lobule (Figure 2) . Weak cytoplasmic positivity was demonstrated in salivary gland duct cells and in thyroid follicles.
In the central nervous system, 7H6 staining was confined to weak reactivity of a number of Golgi and Purkinje cells in the cerebellum (Figure 2) . All other regions of the brain, spinal cord, and peripheral nervous system were essentially unstained under the conditions employed. Otherwise, the distribution of KL expression, as detected immunohistochemically, was strikingly different from that of the c-kit receptor. Intense immunostaining was observed in smooth muscle of the bladder, cervix, and uterus, as well as throughout the GI tract (both circular and longitudinal muscle coats, as well as the muscularis mucosae) ( Figure 3 ). In addition, smooth muscle cells in walls of blood vessels of both small arteries and arterioles, as well as smooth muscle of bronduoles, stained strongly. However, the smooth m d e in the tunica media of larger arteries was unstained. Striated voluntary muscle showed relatively weak staining, which was particularly prominent on the sarcolemmal membrane ( Figure 3 ). Cardiac muscle reactivity was intermediate between that of smooth and skeletal muscle (Figure 3) . Intense immunoreactivity was detected in prostate fibromuscular stroma cells, whereas epithelial glandular cells were unreactive (Figure 3 ).
Discussion
Studies on the expression of c-kit and its ligand have hitherto focused primarily on their respective roles in development. Northem blot and in situ hybridization analyses in mouse embryos have d pattems of expression consistent with known roles in melanogenesis, gametogenesis, and hematopoiesis, as predicted by the W and ~l mutants. Thus, c-kit expression has been demonstrated in yolk sac, liver, primordial germ cells, and migrating melanoblasts (Keshet et al., 1991; Manova and Bachvarova, 1991;  Orr -Urueger et al., 1990) . Similarly, KL has been observed in yolk sac, liver, bone, gonads, in the skin precursor prior to the influx Leydig cells, oocytes, ovarian interstitial tissue, skin, and melanoof pigment cells, and along the migratory pathway of primordial cytes Sorrentino et al., 1991; Manova et al., 1990; germ cells (Keshet et al., 1991; Matsui et al., 1990) . The notion On-Urueger et al., 1990; N& et al., 1989; Majumder et al., 1988) . that c-kit may continue to play a role in the maintenance or prolifer-Likewise, KL has been found in adult Sertoli cells ation of the corresponding adult tissues is suggested by reports of and ovarian granulosa cells (Keshet et al., 1991) . c-kit expression in adult mouse spermatogonia and spermatocytes, Significant discrepancies do exist, however; among various studies. Orr-Urtreger et al. (1990) , for example, found no evidence of c-kit RNA in adult mouse Sertoli cells or spermatogonia, in contrast to the findings of Sorrentino et al. (1991) . There are several such contradictions in the literature, some of which may be due to species or strain variation but are more likely the result of differing detection methods. For example, c-kit RNA of tissue mast cells will "contaminate" the results of Northern analysis. Immunohistochemistry, by contrast, allows evaluation of microanatomical detail and tissue heterogeneity, although failure to detect very lowlevel expression may lead to false-negative results.
In the present study, c-kit protein was detected immunohistochemically in normal adult melanocytes and in testicular and ovarian interstitial cells. Matsuda et al. (1993) have recently documented the expression of c-kit in human adult skin melanocytes. We did not examine ovarian follicles but, in keeping with the observations of Orr-Urtreger et al. (1990) , found no reactivity in spermatogonia or Sertoli cells.
Our results, like those of others (Nocka et al., 1989) , are consistent with c-kit expression in tissue mast cells, both of the mucosal and the connective tissue type. This is in keeping with its welldocumented role in mast cell development and proliferation. However, although KL also promotes the development of mast cells in rodents, it is thought to be produced by cells at the final site of mast cell maturation (Tsai et al., 1991; Nocka et al., 1990a) . This is consistent with our failure to detect KL expression in tissue mast cells.
Expression of c-kit and KL has also been demonstrated in several tissues not known to be affected by W or SI mutations. Thus c-kit RNA has been variously reported in mouse and/or cat lung, lymph node, brain, spleen, adrenal gland, liver kidney, thymus, and muscle Orr-Urtreger et al., 1990; Nocka et al., 1989; Majumder et al., 1988; Qiu et al., 1988) . More recently, c-kit expression was reported in human epithelial cells of the breast (Matsuda et al., 1993) . We have demonstrated reproducible staining for both c-kit and KL proteins in breast, parotid and sweat gland, and in epithelial and myoepithelial cells, as well as low-level expression in thyroid follicle cells. These specific complementary staining patterns suggest an autocrine kit ligand-receptor function in these tissues. In addition, evidence of c-kit receptor expression, but not of its ligand, was seen in a variety of stratified epithelia, i.e., bladder and cornea. The function at these sites of expression is unknown although, by analogy with other tyrosine kinase receptors, it is a likely component of the growth factor signal transduction apparatus. However, it is notable that no preferential staining was seen in rapidly dividing cells. The other postulated role for c-kit is in cell-cell or cell-stromal interactions, and either or both of these roles may be performed in different tissues.
A highly specific pattern of c-kit staining was seen in the cen-tral nervous system, particularly in the cerebellum, hippocampus, and the dorsal hom of the spinal cord. Staining for KL was restricted to Purkinje cells and some Golgi cells of the cerebellum. The functional significance of such expression in post-mitotic cells is unknown, although recent studies with the "trk' family of tyrosine kinase receptors indicate that such receptors can transmit neurotrophic signals (Cordon-Cardo et al., 1991; Hempstead et al., 1991; Kaplan et al., 1991; Klein et al., 1991) . Complex patterns of both kit receptor and ligand expression have previously been reported in the developing mouse nervous system. Indeed, cerebellum. dorsal spinal cord, and hippocampus have all been cited as sites of significant embryonic or postnatal expression (Matsui et al., 1993; Manova et al., 1992; Keshet et al., 1991; Matsui et al., 1990; Orr-Uttreger et al., 1990; Nocka et al. 1989 ). The expression, albeit lowlevel, of KL in Purkinje cells and of c-kit in the functionally and anatomically related basket cells of the cerebellum is intriguing and suggests a functional paracrine relationship between the two cell types.
Perhaps the most striking finding of the present study was the high level of KL expression in smooth muscle cells. No such distribution was seen for the c-kit receptor. In situ analysis of c-kit and KL in mouse embryos has shown that whereas c-kit is expressed by primordial germ cells, melanoblasts, and hematopoietic cells, KL RNA is found at sites of migration and homing of these cell types (Keshet et al., 1991; Matsui et al., 1990) . In adults, too, the cells affected by W mutations appear to require support cells that are rendered ineffective by SI mutations. For example, in the mast cell fibroblast co-culture system, sl/sl fibroblasts are defective but the mast cells are not (Fujita et al., 1989) . Other experiments have confirmed that the SI product does not act cell autonomously, but instead is required in support cells such as bone marrow stromal cells, Sertoli cells, and hair follicle cells (Nakayama et al., 1988a, b; Landreth et al., 1984; Russell, 1979) . It is thought that in all such tissues KL acts as a cell surface ligand on support cells to direct cell-cell interactions in migration of immature cells and in the organization of mature tissues. In the adult, KL protein might therefore be expected to be expressed in stromal support cells adjacent to sites of c-kit expression. The localization of KL to smooth muscle cells is not obviously consistent with such expectations.
It is noteworthy that not all muscle types are stained with the KL MAb. Intense staining was seen in smooth muscle cells as described, but not, for example, in the tunica media of larger arteries. Vascular and visceral smooth muscle are known to differ in a number of structural and functional regards, e.g., in their respective patterns of fibronectin. actin, and intermediate filament subtype expression (Glukhova et al., 1990; Fatigati and Murphy, 1984; Gabbiani et al., 1981) . Cardiac muscle was immunoreactive for KL, although less strongly than visceral smooth muscle, and skeletal muscle even more weakly. The functional significance of this ordered distribution is uncertain, although it is clear that growth factors, including several known proto-oncogenes, are involved in the control of myogenesis. Skeletal muscle development is controlled by a family of myogenic genes that code for helix-loop-helix proteins of the extended MYC gene family (Emerson, 1990) . The process is complex, involving a variety of growth factors, notablyfibroblast growth factor, insulin-like growth factors, and transforming growth factor p. Interestingly, PDGF receptors A and B, which are closely related to the c-kit receptor, are down-regulated as cells start myogenic differentiation, and the ligand PDGFBB is mitogenic for myoblasts and is a potent inhibitor of myogenic differentiation Uin et al., 1991) . Although KL expression in embryos does not obviously correlate with a role in early myogenesis, a role in fully differentiated smooth muscle cells is suggested.
Finally, the normal expression pattern of c-kit and KL not only may provide a basis for elucidating their biological function in adults but also provides a reference against which tumor cell expression can be assessed. The mode of discovery of c-kit as a transduced retroviral oncogene, and analogies with other tyrosine kinase receptors, make c-kit and KL obvious candidates for genes involved in human carcinogenesis. Studies to date have shown significant c-kit expression in human glioblastomas (Matsuda et al., 1993; Berdel et al., 1992; Lerner et al., 1991; Sekido et al., 1991; Yarden et al., 1987) , testicular tumors (Strohmeyer et al., 1991) , and in blast cells of acute myeloid leukemia (Wang et al., 1989) . c-kit RNA has been detected in the normal tissue from which each of these tumors arises, and a knowledge of relative levels of expression is therefore needed before the significance of such tumor expression is known. It has also been suggested (Flanagan et al., 1991) that KL may play a role in tumor metastasis, in a manner analogous to the way it guides cell migration and homing in development. Smooth muscle is not a preferred site of tumor dissemination, and a potential role for KL in metastasis may be more complex than previously suggested. Studies of c-kit and KL expression in series of primary and metastatic human malignancies will shed more light on this issue.
